Glioblastomas co-opt stem cell regulatory pathways to maintain brain tumor-initiating cells (BTICs), also known as cancer stem cells. NOTCH signaling has been a molecular target in BTICs, but NOTCH antagonists have demonstrated limited efficacy in clinical trials. Recombining binding protein suppressor of hairless (RBPJ) is considered a central transcriptional mediator of NOTCH activity. Here, we report that pharmacologic NOTCH inhibitors were less effective than targeting RBPJ in suppressing tumor growth. While NOTCH inhibitors decreased canonical NOTCH gene expression, RBPJ regulated a distinct profile of genes critical to BTIC stemness and cell cycle progression. RBPJ was preferentially expressed by BTICs and required for BTIC self-renewal and tumor growth. MYC, a key BTIC regulator, bound the RBPJ promoter and treatment with a bromodomain and extraterminal domain (BET) family bromodomain inhibitor decreased MYC and RBPJ expression. Proteomic studies demonstrated that RBPJ binds CDK9, a component of positive transcription elongation factor b (P-TEFb), to target gene promoters, enhancing transcriptional elongation. Collectively, RBPJ links MYC and transcriptional control through CDK9, providing potential nodes of fragility for therapeutic intervention, potentially distinct from NOTCH.
Introduction
Glioblastoma (World Health Organization grade IV glioma) represents the most prevalent and malignant primary intrinsic brain tumor. Current therapy for glioblastoma includes maximal surgical resection followed by chemoradiation, and then adjuvant chemotherapy with the oral methylator, temozolomide (1) . Despite aggressive treatment, glioblastoma remains universally fatal. The myriad drivers of glioblastoma malignancy include co-option of stem cell pathways through a combination of hardwired genetic lesions and epigenetic dysregulation. Resident stem cells contribute to normal organ development and wound responses. Genetic lesions in glioblastomas target developmental regulation, and cancer is "the wound that does not heal." Concordantly, the regenerative potential mediated by stem cell transcriptional programs has proven critical in tumor initiation, therapeutic resistance, and regrowth after cancer therapy (2) (3) (4) .
Based on this background, novel targeted therapeutics against core regulatory pathways in embryonic and tissue-specific stem cells have been developed as cancer therapeutics. A therapeutic index of these agents may be achievable if dependence on these pathways is relatively less critical in normal tissues, due to completion of development. In the adult brain, neurogenesis is far less active than in early development, and neural stem cells (NSCs) are quiescent (5), both of which are important distinctions from brain tumors. In most organs, the NOTCH pathway serves multiple roles in cell fate and lineage commitment, as it mediates interactions between heterologous cell types (6) . Upon engagement of NOTCH receptors to their ligands, the extracellular NOTCH region is cleaved by a disintegrin and metalloproteinase (ADAM) family of metalloproteases followed by the rate-limiting step of liberation of the NOTCH intracellular domain (NICD) by the γ-secretase complex. The NICD translocates to the nucleus and binds to transcriptional regulators to direct gene regulation, including target genes that, in turn, have strong transcriptional regulatory function (e.g., the HES and HEY transcription factors). NOTCH signaling is complex due to the differential expression of 4 receptors and 5 ligands, but NOTCH converges on a limited repertoire of transcriptional regulators, prominently RBPJ (recombining binding protein suppressor of hairless or recombination signal-binding protein for immunoglobulin kappa j region; also known as CBF1 [mammalian C promoter-binding factor 1]) or CSL (for CBF1, suppressor of hairless [fly], Lag2 [worm] ). In the absence of NOTCH activation, RBPJ recruits histone deacetylases and corepressor components. Nuclear localization of NICD leads to binding to and displacement of an RBPJ transcriptional corepressor complex to act as a transcriptional activator by the recruitment of histone acetylases to activate transcription of NOTCH target genes (7) .
NOTCH signaling is highly context dependent with strong differences in the biologic outcome of NOTCH activation or disruption based on developmental stage, tissue type, and cell type (6) .
Glioblastomas co-opt stem cell regulatory pathways to maintain brain tumor-initiating cells (BTICs), also known as cancer stem cells. NOTCH signaling has been a molecular target in BTICs, but NOTCH antagonists have demonstrated limited efficacy in clinical trials. Recombining binding protein suppressor of hairless (RBPJ) is considered a central transcriptional mediator of NOTCH activity. Here, we report that pharmacologic NOTCH inhibitors were less effective than targeting RBPJ in suppressing tumor growth. While NOTCH inhibitors decreased canonical NOTCH gene expression, RBPJ regulated a distinct profile of genes critical to BTIC stemness and cell cycle progression. RBPJ was preferentially expressed by BTICs and required for BTIC self-renewal and tumor growth. MYC, a key BTIC regulator, bound the RBPJ promoter and treatment with a bromodomain and extraterminal domain (BET) family bromodomain inhibitor decreased MYC and RBPJ expression. Proteomic studies demonstrated that RBPJ binds CDK9, a component of positive transcription elongation factor b (P-TEFb), to target gene promoters, enhancing transcriptional elongation. Collectively, RBPJ links MYC and transcriptional control through CDK9, providing potential nodes of fragility for therapeutic intervention, potentially distinct from NOTCH.
RBPJ maintains brain tumor-initiating cells through CDK9-mediated transcriptional elongation ing the resistance of brain tumor-initiating cells (BTICs) to ionizing radiation (11) and chemotherapy (12) . Translation of NOTCH targeting into clinical trials for glioma treatment has shown transient efficacy (13) , suggesting that the current treatment paradigms against NOTCH will require modification. Here, we examAs brain tumors, including gliomas, have stem-like features, the role of NOTCH signaling has been the focus of many studies in neuro-oncology. Gliomas express NOTCH ligands (8) . γ-Secretase inhibitors (GSIs) that block the liberation of NICD have efficacy in preclinical studies (9, 10), but GSIs have greater effect in disrupt- To interrogate the preferential expression of RBPJ in BTICs in the absence of culture, we performed an in silico analysis of RBPJ expression in glioma patients in The Cancer Genome Atlas (TCGA). RBPJ mRNA expression correlated with BTIC markers -SOX2, SOX4, OLIG2, and CD133 -in the TCGA glioblastoma data set (Supplemental Figure 1, A-D) . Glioblastomas have been classified into different subtypes based on their transcriptional profiles (16) . RBPJ was expressed in all glioblastoma subtypes, but most highly in the Proneural group, especially in the glioma-CpG island methylator phenotype (G-CIMP) group (Supplemental Figure 1E) . Collectively, these results suggest that BTICs express elevated levels of RBPJ compared with differentiated progeny, even in the absence of preferential NOTCH activation.
RBPJ is necessary for BTIC maintenance. The concordant expression of RBPJ and tumor cell differentiation suggests a potential functional role of RBPJ in BTIC biology, prompting us to interrogate the functional requirement for RBPJ in BTIC maintenance. We developed 2 independent, nonoverlapping shRNA lentiviral constructs to knock down RBPJ and compared their effects to a nontargeting control sequence shRNA insert (shCONT), which does not target any known genes from any species. RBPJ shRNAs significantly reduced RBPJ protein expression levels on immunoblot ( Figure 3, A and B) . We then examined the phenotypic consequences of shRNA-mediated reduction of RBPJ expression. Silencing RBPJ strikingly decreased the growth of BTICs (Figure 3 , A and B) and induced apoptosis (Supplemental Figure 2 , A and B) without changes in the proliferation of non-BTICs (Supplemental Figure 3) , supporting a specific requirement of RBPJ for BTIC growth. To test whether targeting RBPJ influences tumorsphere formation, a surrogate marker of self-renewal, we performed in vitro limiting dilution assays. RBPJ knockdown resulted in a more than 6-fold decrease in the frequency of sphere formation and a greater than 2-fold decrease in the sphere size ( Figure 3 , C-E). The most important property of BTICs is their potent ability to form tumors in vivo. To address the requirement for RBPJ in maintaining the tumorigenic potential of BTICs, BTICs transduced with either of 2 nonoverlapping RBPJ-targeting shRNAs or a control, nontargeting shRNA were transplanted into the brains of immunocompromised mice. Consistent with the in vitro results, RBPJ knockdown strikingly impaired tumor growth, as shown by quantitative bioluminescent imaging ( Figure 4A ), and significantly extended survival of tumor-bearing hosts ( Figure 4B ). Taken together, our findings demonstrate that RBPJ is necessary for BTIC phenotypes including proliferation, self-renewal, and tumor formation.
NOTCH and RBPJ regulate different transcriptional programs. The discordant results of targeting RBPJ and pharmacologic inhibition of NOTCH prompted us to interrogate the global effects of these approaches on the transcriptional landscape by RNA sequencing (RNA-seq). We compared 3691 BTICs treated with NOTCH antagonists to vehicle control (DMSO vs. DAPT at 5 or 10 μM) and RBPJ RNA interference (shRBPJ) relative to a control, nontargeting shRNA (shCONT vs. 2 independent shRBPJ sequences). As expected, GSI treatment inhibited the expression of downined the role of RBPJ given the proposed convergence of NOTCH signaling on RBPJ transcriptional control.
Results
Targeting NOTCH does not inhibit BTIC proliferation. While phase I clinical trials showed transient responses in treating gliomas with NOTCH antagonists (13) , other clinical trials have shown more limited activity. As NOTCH is hypothesized to function primarily in BTICs, we first examined a surrogate of NOTCH activity through use of a 4× RBPJ-binding reporter -a common method of measuring NOTCH activity ( Figure 1A ) -in matched BTICs and non-BTICs derived from human glioblastoma patients, which were functionally validated as previously described (data not shown). In each model tested, BTICs displayed strong preferential activation (4-to 9-fold greater) of RBPJ ( Figure 1A ). Based on activation of a pathway downstream of NOTCH, we tested the dependence of BTICs on NOTCH signaling by treating BTICs with the GSI, DAPT
, a widely employed inhibitor of NOTCH signaling. We previously found that clinically achievable concentrations of DAPT and other GSIs did not inhibit BTIC proliferation as monotherapy, but synergized with radiation (11) . Concordant with these results, NOTCH inhibition by DAPT had a very weak effect on BTICs (Figure 1B) . The inhibitory effect of DAPT on NOTCH signaling was confirmed by immunoblot of cleaved (activated) NOTCH, with NICD levels abolished at 5 μM ( Figure 1C ; see complete unedited blots in the supplemental material; supplemental material available online with this article; doi:10.1172/JCI86114DS1). To validate these results, we used another NOTCH antagonist from another drug class. SAHM1 is a synthetic, cell-permeant, stabilized α-helical peptide that targets a critical protein-protein interface in the NOTCH-RBPJ-MAML1 transcription activator complex (14) . Similar to the effects of DAPT, inhibiting NOTCH signaling by SAHM1 did not reduce proliferation of BTICs ( Figure 1D ). Successful targeting of NOTCH signaling by SAHM1 was confirmed by real-time PCR (qPCR) of canonical downstream targets, HES1 and HES5 ( Figure 1E ).
BTICs preferentially express RBPJ without differential NOTCH activation. Based on the weak antitumor effects of NOTCH inhibitors, we sought potential explanations for this therapeutic failure. Surprisingly, multiple patient-derived matched BTICs and differentiated progeny (non-BTICs) revealed no significant differences in NOTCH activation, as measured by NICD levels ( Figure 2A ). While NOTCH signaling can alter transcription through RBPJ regulation, recent studies have demonstrated NOTCH-independent activities of RBPJ (15) . To determine if RBPJ might be differentially expressed in BTICs, which would explain the preferential RBPJ transcriptional activation, we examined RBPJ levels in matched, functionally validated BTICs and non-BTICs from patient-derived xenografts by qPCR and immunoblotting. In each matched set of BTICs and non-BTICs that we tested, BTICs displayed strikingly elevated RBPJ mRNA and protein levels relative to matched nonBTICs ( Figure 2 , B and C). To determine the relationship between cellular differentiation and RBPJ regulation, we induced differentiation in BTICs and found a marked decrease of RBPJ protein levels after inducing BTIC differentiation ( Figure 2D ), strongly indicating dynamic regulation of RBPJ associated with BTIC self-jci.org
Volume 126 Number 7 July 2016 Figure 4A) . However, GSI treatment had no effect or even a paradoxical effect on the expression of key BTIC effectors or cell cycle regulators that have been found to be important in 3691 BTIC growth in previous reports (Supplemental Figure 4A ). In contrast, targeting RBPJ had limited effects on the expression of canonical NOTCH downstream targets (HES1, HES5, et al.), but significantly reduced the expression of a series of key genes regulating BTIC stemness and signatures upon RBPJ knockdown, while DAPT treatment alone in BTICs enriched for stress response signatures. We independently confirmed these results by testing the expression of individual genes using qPCR (Supplemental Figure 4 , B and C). In each case, NOTCH antagonists and RBPJ ablation controlled the transcription of different gene sets.
To further confirm our findings, we performed RNA sequencing in a second BTIC model (4121) with RBPJ knockdown in the presence or absence of DAPT. PCA analysis of this second BTIC model revealed that DAPT treatment in addition to RBPJ knockdown accounted for 19.25% of variance in gene expression (Figure 5B ). The 4121 BTICs in which RBPJ was knocked down alone (cluster 1) or the same BTICs with both RBPJ knockdown and DAPT treatment (cluster 2) segregated along the principal component 3. Genes most significantly correlated with the BTICs in cluster 1 suggested enriched programs in vesicle trafficking and semaphorin signaling (Supplemental Figure 5 ), which we have recently shown regulates BTICs (17) . In the BTIC cluster 2, the significantly correlated genes suggested increased activity in translation, ribosomal biogenesis, and intrinsic apoptotic pathway. As additional confirmation to rule out potential effects of cell culture, we interrogated transcriptional profiling of glioblastomas in the TCGA data set. RBPJ and NOTCH expression (measured by NOTCH1 expression, as NICD is not assayable by RNA) shared some gene expression targets, but the majority of genes were distinct ( Figure 5, C and D) . RBPJ transcriptional programs included neoplastic and developmental programs, whereas NOTCH expression correlated with distinct programs of neurogenesis and development of the eye and brain.
Key promoters regulated by RBPJ in our RNA-seq studies include FOXM1, cyclin A2 (CCNA2), and KRAS (data not shown). Using RBPJ ChIP followed by qPCR (ChIP-qPCR), we confirmed that RBPJ preferentially bound to the FOXM1 promoter in BTICs compared to non-BTICs (Supplemental Figure 6A ). To find additional links between RBPJ and a stem-like state in glioblastoma, we interrogated RBPJ binding to stem cell genes described as potential reprogramming factors in acquisition of the BTIC state (18) . We found that stemness genes expressed by 3691 BTICs were significantly more likely to be bound by RBPJ than putative stemness genes that were not expressed (Supplemental Figure 6B) . We confirmed that RBPJ bound one of these key factors, OLIG2, in BTICs by ChIP-qPCR (Supplemental Figure 6C ). Stunnenberg and co-workers demonstrated that RBPJ binding at enhancers could be at either NOTCH-dependent or NOTCH-independent constant sites (19) . To confirm the NOTCH independence of key binding sites, we confirmed that RBPJ binding to the FOXM1 and OLIG2 promoters in BTICs was not dependent on NOTCH activity, using DAPT treatment, followed by ChIP-qPCR (Supplemental Figure 6D) . Collectively, our data demonstrate a potentially novel RBPJ function in BTICs, which may be independent of the canonical NOTCH pathway.
RBPJ binds to CDK9 to regulate transcription. To determine the global landscape of RBPJ binding at regulatory elements, including active enhancers, we performed ChIP followed by deep sequencing (ChIP-seq) for histone 3 lysine 27 acetylation (H3K27Ac) in 3691 BTICs to directly call active enhancers and promoters, and then overlapped this information with RBPJ binding from RBPJ ChIPseq in 3691 BTICs ( Figure 6A ). We found striking support for a role for RBPJ as a transcriptional enhancer. Analysis of the global landscape of RBPJ revealed that 88% of RBPJ binding sites fell within an active promoter or enhancer ( Figure 6B ). This is quite remarkable, as active promoter and enhancer regions only constitute 2% of the genome, demonstrating an extreme enrichment at these sites and providing evidence that RBPJ binding is specific to this site. To identify potential novel downstream effectors of RBPJ, we performed proteomic analysis after transducing 3691 BTICs with HA-tagged RBPJ and then immunoprecipitated RBPJ through HA binding. One hundred thirty-eight proteins were identified exclusively in the RBPJ sample compared to the IgG control, including the RBPJ bait. Prominently, 10 peptides from cyclin-dependent kinase 9 (CDK9) were identified (an example is displayed in Supplemental Figure 7A ). We validated direct RBPJ binding to CDK9
by immunoprecipitation ( Figure 6C ). CDK9 is a core component of positive transcription elongation factor b (P-TEFb), which regulates RNA polymerase II (POLR2L) to release transcriptional pausing and promote transcriptional elongation (20) and has been shown to be essential for somatic cell reprogramming (21). We hypothesized that RBPJ may function by recruiting CDK9 to key promoter 
Myc regulates RBPJ expression in BTICs.
Elevated RBPJ mRNA expression in BTICs suggested that stem cell transcription factors could serve as upstream drivers of RBPJ. Therefore, we interrogated the publicly available ChIP-seq database (WashU EpiGenome Browser; http://epigenomegateway.wustl.edu/) with the human embryonic stem cell (ESC) line H1. MYC, a central regulator of ESCs and BTICs, was highly enriched in a promoter region of RBPJ and coenriched with H3K27ac, marking transcriptional activation, which strongly indicated that MYC may control RBPJ transcription in BTICs (Supplemental Figure 8) . To directly test this potential regulation using functionally validated BTICs, we performed ChIP for MYC in BTICs and confirmed binding of MYC to the RBPJ promoter in BTICs by ChIP-qPCR ( Figure 8A ). MYC binding to cyclin D2 was used as a positive control. In loss-of-function studies, silencing MYC expression in BTICs by 2 independent shRNAs significantly reduced RBPJ expression ( Figure 8B) . In gain-of-function studies in non-BTICs, MYC overexpression induced RBPJ expression ( Figure 8C ). JQ1, a selective BET bromodomain inhibitor, specifically targets BRD4, a transcriptional activator of MYC. JQ1 effectively inhibits the expression and function of MYC in several cancers, including myeloma and leukemia (22, 23) . Treating BTICs with JQ1 significantly reduced the expression of MYC and RBPJ ( Figure 8D ). In concordance with effects targeting RBPJ, JQ1 treatment also potently decreased BTIC growth ( Figure 8E ). To further address the connection between RBPJ and MYC, we performed transcription factor binding motif enrichment analysis to see if MYC binding motifs were enriched under RBPJ ChIP-seq peaks at enhancers and/or promoters ( Figure 8F ). We found that MYC binding sites were very highly enriched under RBPJ peaks at both enhancers and promoters. MYC is the third most highly enriched known binding motif, only after the RBPJ binding motif and the MAX binding motif, which shares greater than 98% conservation with the MYC binding motif. While this does not settle which factor initiates pause-release, it does suggest that there is a functional relationship between MYC and RBPJ. We then used our RBPJ ChIP-seq data and found that both core neural transcription factors, OLIG2 and OLIG1, have very strong RBPJ binding sites at their promoters and in their enhancers ( Figure  8G ), concordant with our findings that RBPJ bound to the OLIG2 promoter by ChIP-qPCR (Supplemental Figure 6C) . Collectively, our data demonstrate that MYC directly activates RBPJ to facilitate transcription in BTICs, consistent with its role as an upstream regulator of RBPJ.
RBPJ and CDK9 inform patient prognosis. To determine the clinical relevance of these findings, we performed in silico studies of the TCGA glioblastoma data set. Both RBPJ and CDK9 were highly expressed in glioblastomas relative to nontumor brain (Figure 9, A and B) . While most glioblastoma patients are diagnosed de novo, a minority of patients are diagnosed with glioblastomas after a preceding diagnosis of a lower grade glioma (secondary glioblastoma). It is now recognized that gliomas can be divided into 2 groups: G-CIMP associated with mutations in isocitrate dehydrogenase 1 or 2 (IDH1/2), and non-CIMP tumors, which do not harbor IDH mutations (24) . G-CIMP glioblastomas are more common in the secondary glioblastoma fraction and share transcriptional and epigenetic landscapes with low-grade gliomas and are associated with increased survival relative to non-CIMP regions. Therefore, we performed an in silico analysis of RBPJ and CDK9 ChIP data for the average enrichment of RBPJ and CDK9 around promoter regions genome wide. Promoters displayed high levels of co-occupancy by RBPJ and CDK9, with CDK9 binding in the center of broader RBPJ peaks ( Figure 6D ).
To further link RBPJ and CDK9, we performed ChIP-qPCR for CDK9 and confirmed that CDK9 bound shared promoters ( Figure  6E ). To determine the potential functional contribution of RBPJ to CDK9 binding to target gene promoters, we targeted RBPJ using shRNA. As expected, shRBPJ attenuated promoter occupancy of RBPJ at key target gene promoters, but inhibition of RBPJ expression also attenuated promoter occupancy of CDK9 at these sites ( Figure 6E ), suggesting that RBPJ recruits CDK9 to key target genes. Based on the function of CDK9 as a component of P-TEFb to regulate POLR2L function, we interrogated the dependence on RBPJ of POLR2L function for CDK9 target genes. Targeting RBPJ by RNA interference did not alter POLR2L binding at the start of each gene, but knockdown of RBPJ attenuated POLR2L binding at downstream sites, concordant with regulation of transcriptional elongation ( Figure 6F ). These results support a potentially novel function of RBPJ to regulate the expression of key oncogenes not only as a transcriptional regulator, but also through coordination of transcriptional elongation. It should be noted that RBPJ likely regulates transcription through other mechanisms beyond CDK9, as we find that RBPJ can bind other relevant transcriptional regulators, including the lysine-specific demethylase LSD1 (KDM1) (Supplemental Figure 7B) .
CDK9 targeting decreases BTIC growth and self-renewal.
Transcriptional elongation may represent a therapeutic target in cancer, with CDK9 as a central effector. We hypothesized that CDK9, like RBPJ, may be critical in the maintenance of BTICs. As a proof of principle, we targeted CDK9 expression using RNA interference. We developed an shRNA lentiviral construct to knock down CDK9, which we confirmed by immunoblot ( Figure 7A ). We then examined the phenotypic consequences of shRNA-mediated reduction of CDK9 expression. Silencing CDK9 significantly decreased the growth of two BTIC models ( Figure 7A ). As sphere formation is a surrogate of self-renewal, we performed an in vitro limiting dilution assay in BTICs expressing nontargeting control shRNA or CDK9-directed shRNA. Targeting CDK9 resulted in a more than 10-fold decrease in the frequency of sphere formation ( Figure 7B ), indicating an important role of CDK9 signaling in BTIC maintenance. Inhibiting CDK9 expression attenuated the gene expression of key RBPJ-regulated genes ( Figure 7C ), supporting its role in regulating key genes downstream of RBPJ.
CDK9 mediates its function in association with its kinase activity, leading to the development of several CDK9 pharmacologic inhibitors. To support a therapeutic paradigm, we tested the efficacy of 2 different CDK9 inhibitors, dinaciclib and LY2857785, against BTICs, finding significant activity as monotherapy in culture (Figure 7D) . Finally, we investigated the role of CDK9 in the most critical functional assay of BTICs, in vivo tumor growth. In orthotopic studies, both RNA interference against CDK9 and a pharmacologic inhibitor of CDK9 attenuated tumor growth and extended the survival of tumor-bearing mice ( Figure 7, E and F) . Taken together, our findings demonstrate that CDK9 downregulation attenuates BTIC phenotypes, including proliferation and self-renewal. seq data using the Ingenuity Pathway Analysis tools to identify potential new signaling or interactome with RBPJ that may diverge between normal stem cells and BTICs (Supplemental Figure 9) . Although RBPJ was involved with a core SOX family of transcription factors shared in both BTIC and normal neural stem cell biology, SOX2 and RBPJ interactions with CHD7 were unique to BTIC and brain tumor pathways, suggesting the importance of enhancer interaction in BTICs compared with normal developmental processes in neural stem cells. Thus, the relatively higher proliferation of BTICs may offer therapeutic opportunities to exploit compared to the more quiescent neural stem and progenitor cells.
The identification of a potentially novel MYC-RBPJ-CDK9 pathway (modeled in Supplemental Figure 10 ) supports an oncogenic linkage between stem cell regulation and transcriptional control. A recent RNA interference screen in a MYC-driven hepatocellular carcinoma found CDK9 as a target and showed that CDK9 inhibitors blocked proliferation of MYC-amplified tumors (25) . Treatment of mixed-lineage leukemias with CDK9 inhibitors reduced MYC expression (26) , suggesting that MYC is a target of CDK9-mediated transcriptional control. CDK9 regulation of MYC was recently demonstrated to be mediated by BRD4, the target of JQ1 (27) . Our results provide an explanation for these observations and suggest that this pathway may be a feed-forward loop to amplify oncogene expression. Activation of CDK9-mediated transcriptional elongation of oncogenes may be controlled by RBPJ direction of the P-TEFb complex binding. Lu and co-workers found that neither BRD4 inhibition nor CDK9 inhibition alone was sufficient to abrogate proliferation in their system, but rather required a combination approach (27) . As MYC can bind only to open chromatin (28) , RBPJ may serve to specify cis-regulatory elements near critical BTIC genes to promote pause release. This model may be similar to a relationship between MYC and IRF4 in multiple myeloma, where there is a positive feedback loop to coordinately regulate coexpression to drive a prosurvival gene expression program (29) . Thus, we would suggest that BRD4 inhibition of MYC functions in part to break the feedback loop and decrease RBPJ, while CDK9 inhibition could attenuate the enzymatic activity. In future studies, we propose to examine the interplay between RBPJ and CDK9 in the control of BTIC growth and resistance to cytotoxic therapies. The interaction with canonical NOTCH signaling may provide a further node of therapeutic benefit.
Transcription factors are generally considered undruggable, although pharmacologic inhibitors may block interactions of transcription factors with essential binding partners. In response, therapeutic strategies for disrupting the oncogenic function of transcription factors have often been upstream with kinases that modify the transcription factors (e.g., JAK inhibitors with STATs) or the primary point of initial activation (e.g., NOTCH). Our findings suggest that caution must be exercised, as transcriptional regulators may be an intersection point for different activities. Targeting NOTCH activation may reduce downstream functional activity, but these approaches may not inform the full role of a signaling pathway. The regulation of transcription by RBPJ, especially in the Proneural glioblastoma subgroup (Supplemental Figure  1E) , at multiple levels supports its potent role in BTIC biology and importantly could be a potential therapeutic target even if anti-NOTCH studies fail in clinical trial. tumors ( Figure 9C) . Therefore, we segregated our analysis of the prognostic significance of target genes based on the non-CIMP, more aggressive phenotype. Concordant with the roles of RBPJ and CDK9 in maintenance of tumor growth, high expression of RBPJ and CDK9 informed poor prognosis (Figure 9, D and E) . We further investigated the relationship between RBPJ mRNA expression and key regulators of transcriptional elongation through in silico studies, revealing positive correlations with multiple transcriptional elongation mediators ( Figure 9F ). These data support a clinically important role for the RBPJ-CDK9 transcriptional elongation-signaling axis in glioblastoma.
Discussion
Signal transduction pathways are commonly viewed as linked sequential nodes, but each component in a pathway may have complex interactions with distinct pathways and molecules. NOTCH signaling is remarkably complex due to the context-specific activation of multiple receptors by distinct ligands, with associated diversity of enzymatic activity regulating receptor cleavage and liberation of the intracellular domain. Due to the challenges of measuring the activation of different receptors and the diversity of downstream transcriptional targets, many studies have used reporter systems with RBPJ binding sites as a surrogate of NOTCH activation. Our results suggest that RBPJ may have critical functions beyond simply mediating NOTCH signaling, suggesting that studies with RBPJ activity measurement will need reinterpretation. Further complicating the role of NOTCH signaling in cancer is the dual role of NOTCH as a tumor suppressor in some tumors and activator in others, not unlike TGF-β. Disruption of NOTCH signaling may be important in altering the balance of differentiation and fate decisions at tumor initiation, and then serve a different function in supporting the cellular hierarchy of established tumors. These results are important, as NOTCH targeting agents have entered clinical trials for cancers with amplification or mutations of NOTCH components and others based on targeting TICs. Antibodies targeting NOTCH receptors and ligands have undergone evaluation in systemic cancers, but limitations on drug delivery have limited NOTCH inhibition to GSI treatments (13) . Few clinical trials have been reported for brain tumors, but clinical activity has been limited, despite evidence of successful inhibition of NOTCH activity.
Our studies may provide a partial explanation for divergent results in preclinical studies and clinical efficacy. RBPJ activity has been used as a reporter as a surrogate for NOTCH activity, but RBPJ may serve important NOTCH-independent roles in the maintenance of BTIC self-renewal and tumorigenic potential. RBPJ may differentially regulate gene expression in the presence and absence of NOTCH ligand-receptor binding (19) . For example, RBPJ can suppress HES and HEY family expression in the basal state, so knockdown of RBPJ may derepress the expression of some targets in the canonical NOTCH pathway. RBPJ is tightly localized to gene promoters and enhancers, accounting for 88% of binding sites ( Figure 6, A and B) . Our results suggest that the majority of transcriptional targets downstream of RBPJ do not overlap with NOTCH-regulated pathways. For example, RBPJ binding to 2 prominent targets (FOXM1 and OLIG2) was resistant to GSI treatment, suggesting independence from NOTCH signaling (Supplemental Figure 6D ). We performed a pathway analysis of our RNA-2 7 6 9 jci.org Volume 126 Number 7 July 2016 (20, 10, 5 , and 1) were plated in 96-well plates. Ten days after plating, the presence and number of neurospheres in each well was quantified. Extreme limiting dilution analysis was performed using software from the Walter and Eliza Hall Institute (http://bioinf.wehi.edu.au/software/elda), as previously described.
Immunofluorescent staining. Cells or 10-μm-thick slices of xenografted brain tissue were fixed in 4% paraformaldehyde and immunolabeled using the following antibodies: RBPJ (Lifespan Biosciences, LS-C158830), OLIG2, and SOX2. Primary antibodies were incubated overnight at 4°C, followed by species-appropriate secondary antibodies (Alexa 488 and 568; Invitrogen Molecular Probes) with incubation for 1 hour. Nuclei were stained with DAPI, and slides were then mounted using Fluoromount (Calbiochem). Images were obtained using a Leica DM4000 upright microscope.
ChIP assay. 
Methods
Isolation and culture of cells. To prevent culture-induced drift, patientderived xenografts were generated and maintained as a recurrent source of tumor cells for study. Immediately upon xenograft removal, a Papain Dissociation System (Worthington Biochemical) was used to dissociate tumors according to the manufacturer's instructions (detailed protocol: http://www.worthington-biochem.com/PDS/default.html). Cells were then cultured in Neurobasal medium supplemented with B27, L-glutamine, sodium pyruvate (Invitrogen), 10 ng/ml basic FGF (bFGF), and 10 ng/ml EGF (R&D Systems) for at least 6 hours to recover surface antigens. DAPT (LY-374973) was purchased from Sigma-Aldrich.
All specimens were verified by comparison of short tandem repeat (STR) analysis. No marker is uniformly informative for BTICs; therefore, we used a combination of functional criteria to validate BTICs. Where indicated, BTICs and non-BTICs were derived immediately after dissociation or after transient xenograft passage in immunocompromised mice using prospective sorting followed by assays to confirm stem cell marker expression, sphere formation, and secondary tumor initiation. Although CD133 is controversial, in the models used in these studies, CD133 has previously identified functional BTICs (2, 30) . Therefore, in experiments with matched TIC and non-TIC cultures, we segregated AC133 marker-positive and marker-negative populations using an APC-conjugated anti-CD133/2 antibody (293C3, Miltenyi Biotech) by FACS or magnetic bead separation (Miltenyi Biotech), as previously described (2, 30) . The TIC phenotype of these cells was validated by stem cell marker expression (CD133, OLIG2, and SOX2), functional assays of self-renewal (serial tumorsphere passage), and tumor propagation by in vivo limiting dilution.
Proliferation and neurosphere formation assay. Cell proliferation was measured using Cell-Titer Glow (Promega). Neurosphere formation was measured by in vitro limiting dilution as previously described (2) . All data were normalized to day 0 and presented as mean ± SEM.
Vectors and lentiviral transfection. The 4XRBPJ-Luc reporter plasmid was a gift from Takahiro Maeda (Harvard University), and the tkrenilla reporter plasmid was a gift from Zengqiang Yuan (Institute of Biophysics, Chinese Academy of Sciences, Beijing, China). HA-tagged RBPJ (HA-RBPJ) was generated by cloning the human RBPJ open reading frame with the N-terminal HA sequence into the pCDH-MCS-T2A-Puro-MSCV vector (System Biosciences). Flag-tagged c-Myc (Flag-Myc) was generated by subcloning the human c-Myc open reading frame with the N-terminal Flag sequence into the pCDH-MCS-T2A-Puro-MSCV vector. Lentiviral clones to express shRNA directed against RBPJ (TRCN0000016203, TRCN000016204), MYC (TRCN0000010389, TRCN0000010390), CDK9 (TRCN0000199187), or a control shRNA insert that does not target human and mouse genes (shCONT, SHC002) were obtained from Sigma-Aldrich. Lentiviral particles were generated in 293FT cells in stem cell media with cotransfection with the packaging vectors pCMV-dR8.2 dvpr and pCI-VSVG (Addgene) by Lipofectamine 2000 (Invitrogen).
Western blotting. Cells were collected and lysed in hypotonic buffer with nonionic detergent (50 mM Tris-HCl, pH 7.5; 150 mM NaCl; 0.5% NP-40; 50 mM NaF with protease inhibitors), incubated on ice for 15 minutes, and cleared by centrifugation at 10,000 g at 4°C for 10 minutes. Protein concentration was determined using the Bradford assay (Bio-Rad Laboratories). Equal amounts of protein were mixed with reducing Laemmli loading buffer, boiled, and electrophoresed in NuPAGE Gels (Invitrogen), and then transferred to PVDF membranes jci.org Volume 126 Number 7 July 2016 or 2-way ANOVA using InStat software (GraphPad Software). KaplanMeier curves were generated and log-rank analysis was performed using MedCalc software. A P value less than 0.05 was considered significant. Study approval. The Cleveland Clinic IRB approved studies using human tissue samples. Glioblastoma tissues were obtained from excess surgical materials from patients at the Cleveland Clinic after neuropathologist review in accordance with an IRB-approved protocol. Written informed consent was received from all patients. All studies were performed in the Biological Resources Unit (BRU) at the Lerner Research Institute of the Cleveland Clinic under an Institutional Animal Care and Use Committee-approved protocol specific for this study.
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